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Abstract
Binocular rivalry elevates contrast increment thresholds for the detection of a transient stimulus presented to the suppressed eye,
while thresholds measured during dominance are identical to those during monocular viewing (e.g. [Wales, R., & Fox, R. (1970).
Increment detection thresholds during binocular rivalry suppression. Perception and Psychophysics, 8, 90–94]). It is well established
that contrast increment thresholds depend on reference (pedestal) contrast. With high contrasts, increment thresholds increase with
pedestal contrast, reﬂecting a gain control with sigmoidal non-linearity. We examined how this gain control mechanism operates
during binocular rivalry (i.e., with and without perception of a pedestal mask). Subjects viewed a horizontal sine-wave grating
(steady pedestal) and a radial checkerboard dichoptically. When the grating achieved a pre-speciﬁed phenomenal state (dominance
or suppressed), subjects initiated the transient presentation (500-ms Gaussian pulse) of a contrast increment of the same spatial fre-
quency. The pulse appeared in either the upper or lower half of the pedestal. Subjects indicated which half of the pedestal contained
the pulse. Contrast increment thresholds were measured using a staircase method with various pedestal contrasts, which yielded
threshold versus contrast (TvC) functions during dominance and suppression. The measured thresholds were reliably higher during
suppression, but the rising slopes of TvC functions did not diﬀer signiﬁcantly between dominance and suppression (i.e., constant
upward shift of TvC function). A control experiment demonstrated that the TvC function during dominance was identical to that
during non-rivalry, monocular viewing. Evidently, the contrast gain control for transient luminance increment does not require the
perception of pedestal contrast.
 2004 Elsevier Ltd. All rights reserved.1. Introduction
Binocular rivalry occurs when the two eyes receive
signiﬁcantly diﬀerent visual inputs (Breese, 1909; Levelt,
1965). While the physical characteristics of these dissim-
ilar monocular inputs remain constant, the observer
viewing them experiences phenomenal competition be-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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ing perceptual experience resembles a dynamic mosaic
consisting of bits and pieces of both eyes views, an out-
come termed ‘‘mixed’’ or ‘‘piecemeal’’ dominance—in
this case, portions of each eyes stimulus are suppressed
from awareness. But at other times one entire image will
be suppressed from visual awareness for several seconds
at a time, with its competitor dominating visual percep-
tion completely. The neural processes responsible for
suppression of a given stimulus presumably involve inhi-
bition of the sensory signals ordinarily associated with
that stimulus and/or disruption of the cortical processes
required for perception of that stimulus (Blake & Logo-
thetis, 2002).
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the inhibitory mechanisms underlying suppression en-
tails measuring visual sensitivity to probes presented
during dominance and suppression phases of rivalry
(Fox, 1963). From the application of this technique we
know that thresholds for the detection of transient
probes are elevated when those probes are presented
to an eye during suppression but not when they are pre-
sented during dominance (Blake & Camisa, 1979; Fox &
Check, 1972; Nguyen, Freeman, & Wenderoth, 2001;
Wales & Fox, 1970). Moreover, probe studies reveal
that the depth of suppression—gauged by the magnitude
of the elevation in threshold—is independent of the
physical contrast of the suppressing stimulus (Blake &
Camisa, 1979) and, moreover, that it is constant
throughout the duration of the suppression phase (Fox
& Check, 1972; Norman, Norman, & Bilotta, 2000).
The invariance of the depth of suppression, and its
apparent generality to a wide range of visual features
(Blake & Fox, 1974a), leads to the hypothesis that there
may be a general suppression process for incongruent
visual inputs that are dichoptically delivered (Blake,
2001). In nearly all of these previous studies, however,
the probes used to ‘‘gauge’’ the depth of suppression
have diﬀered from the suppressed rival target itself, with
the probe brieﬂy superimposed on that target while the
target was dominant or while it was suppressed. In the
present study, we have employed a ‘‘probe’’ that creates
a brief change in the rival target itself, a procedure that
is potentially more revealing with respect to the inhibi-
tory events underlying suppression. The following para-
graphs present our reasoning.
In normal, non-rivalry viewing, it is well established
that contrast increment thresholds depend on reference
(pedestal) contrast (Kontsevich & Tyler, 1999; Legge
& Foley, 1980). As pedestal contrast increases, the incre-
ment threshold ﬁrst decreases below the absolute thresh-
old (‘‘facilitation’’) then rises approximately linearly
on log–log coordinates (‘‘masking’’). Due to this charac-
teristic shape, the curve describing threshold versus
contrast (TvC) function is often called a dipper func-
tion. To explain the dipper shape of TvC function, it
is frequently assumed that the underlying neuronal
contrast-response function exhibits a sigmoidal non-
linearity (Foley, 1994; Legge & Foley, 1980), with the
increment threshold being inversely related to the slope
of the neural contrast-response function. According to
this account, the facilitation eﬀect at low pedestal con-
trast is a consequence of the expansive portion of the
sigmoidal non-linearity and the masking eﬀect at high
pedestal contrast reﬂects the compressive portion of
the curve as it becomes increasingly saturated (Foley,
1994).
In the current study, we sought to examine how this
gain control mechanism operates during binocular riv-
alry (i.e., with and without visual awareness of the ped-estal contrast). We did this by deriving TvC functions
during dominance and suppression phases of rivalry,
focusing exclusively on that portion of the TvC curve
associated with pedestal contrasts suﬃciently high to
instigate vigorous binocular rivalry (meaning rivalry
comprising a reasonable number of alternations in per-
ceptual state during an extended viewing period). Since
contrast increment thresholds measured during domi-
nance are not diﬀerent from those measured during
monocular viewing (Blake & Camisa, 1979; Fox &
Check, 1972; Nguyen et al., 2001), we expected to ob-
serve a linearly rising TvC function for contrast incre-
ment thresholds measured when the pedestal stimulus
was dominant in rivalry; we expected not to see the
‘‘dipper’’ portion of the curve since our measurements
could not be performed at the very low pedestal contrast
values where facilitation is evident but where binocular
rivalry alternations are impractically sluggish (Blake,
1977). But what would happen when the contrast incre-
ments were presented against a pedestal that was sup-
pressed from visibility? What would the shape and
location of the TvC function look like? We anticipated
several possibilities.
First, it seemed possible that binocular suppression
would change the non-linearity of the transducer func-
tion, thus resulting in a change in the shape of the
TvC function. In the extreme case, binocular suppres-
sion could ﬂatten the TvC function, as if the pedestal
did not exist. This outcome would be predicted if the
gain control mechanism for luminance contrast operates
only when one actually perceives the pedestal contrast,
which would not occur during suppression phases (i.e.,
if suppression transpires prior to gain control).
A second possibility was that TvC functions during
dominance and suppression would be identical. This
could be expected if binocular suppression scales down
the eﬀective contrast of both pedestal and signal con-
trasts, but does not aﬀect the shape of the transducer
function. The TvC function would therefore be expected
to slide to the right and up on log–log coordinates. A
possible interpretation would be that the inhibitory
events underlying binocular suppression arise at a site
before those responsible for contrast gain control. To
put it more formalized, if a compressive gain control
(e.g., logarithmic) follows a suppression (e.g., multipli-
cative) with factor m < 1, then the output, y, is
y = log(m * x) = log (m) + log (x), where x is the pedestal
contrast. Since sensitivity is proportional to the deriva-
tive, dy/dx = 1/x, it is independent of the factor m. Then,
we expect the TvC function to be identical.
A third possibility was that the slopes of TvC func-
tions would not diﬀer between dominance and suppres-
sion phases, but that the curve measured during
suppression would be shifted upward relative to the
dominance curve. This result could be construed as evi-
dence that the gain control mechanism operates before
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tion of pedestal contrast. In other words, the out-
put is y = m * log(x) and therefore the derivative is
dy/dx = m * (1/x). Thus, the TvC function would be
shifted upward by the factor m.
To learn which of these possibilities, in fact, character-
izes suppressions eﬀect on gain control, we performed
the following experiment, which is conceptually simple
but practically laborious: we measured increment thresh-
olds under conditions where pedestal stimuli varying in
contrast were dominant in rivalry and were suppressed
in rivalry.2. Methods
Five subjects, including two of the authors (KW and
YP), participated in the experiment. With the exception
of the authors, all other subjects were naive as to the
purpose of the experiment. They all had normal or cor-
rected-to-normal vision.
Visual stimuli were displayed on a gamma-corrected
CRT monitor (19.2 · 25.6, at 75 Hz) in a dark room.
For manipulating contrast, we employed a softwareFig. 1. Physical stimulus (left) and phenomenal perception in dominance an
horizontal pedestal grating dichoptically, leading to perceptual alternation b
pulse of a contrast increment on either the upper or lower half of the grati
subjects initiated a contrast increment while the checkerboard was exclusive
with various pedestal contrasts.implemented ‘‘bit-stealing’’ technique that provides an
eﬀective resolution of 10-bits after the assumed lineariza-
tion. In each trial, a horizontal sine-wave grating (steady
pedestal; 6.7 cycle/deg; 1.5 size) and a radial checker-
board pattern (1.5 size) were presented against a mid-
level gray (29 cd/m2) background (Fig. 1). TheMichelson
contrast (contrast hereafter) of the radial checkerboard
was 40%. The contrast of the grating was selected from
values of 10%, 15%, 22.5%, 33.8%, and 50.6% (log pedes-
tal contrast = 1.00, 1.18, 1.35, 1.53 and 1.70). Subjects
viewed the visual stimuli dichoptically using a haplo-
scope. To support steady ﬁxation and binocular overlap
between the pedestal and the checkerboard, both stimuli
were presented with place holders (Fig. 1) and white ﬁx-
ation crosses (58 cd/m2, 0.25). The pedestal was pre-
sented to a predetermined eye of the subject, which was
counterbalanced among subjects.
In each trial, when the pedestal grating achieved a
designated phenomenal state (dominant or suppressed,
pre-speciﬁed for each session), subjects initiated the
transient presentation (500-ms Gaussian pulse) of a
contrast increment of the same spatial frequency. Sub-
jects were instructed to avoid initiating an increment
during the transitory phases between dominance andd suppression (right). Subjects viewed the radial checkerboard and the
etween them. In the dominance session, subjects initiated the transient
ng while they saw the grating exclusively. In the suppression session,
ly visible. A staircase method measured contrast increment thresholds
3068 K. Watanabe et al. / Vision Research 44 (2004) 3065–3071suppression. The pulse appeared in either the upper or
lower half of the pedestal grating. The stimulus disap-
peared 340 ms after the increment pulse. To avoid
abrupt onset/oﬀset transients, the pulse was ramped
‘‘on’’ and ‘‘oﬀ’’ using a Gaussian temporal window,
and to avoid sharp edges the contrast pulse was spatially
aligned so that its zero crossing coincided exactly with
the horizontal center of the pedestal (pedestal grating
and contrast increment were in exactly the same spatial
phase). Subjects indicated whether the pulse appeared in
the upper or the lower half of the display (2AFC) by
pressing appropriate keys. The pedestal contrast was
ﬁxed in each session.
A staircase method was used to measure contrast
increment thresholds as follows. The contrast increment
was initially set to 50% of the pedestal contrast. Three
consecutive correct responses reduced the contrast incre-
ment for the next trial by 30% of the current trial. A sin-
gle incorrect response set the contrast increment for the
next trial 30% higher. After four reversals of the stair-
case, the contrast adjustment was reduced to 15%. When
the number of reversals reached 12, the session was ter-
minated and a contrast increment threshold was calcu-
lated by averaging the contrast increment values of the
last six reversals. Each subject performed a single stair-
case for each of the dominance and suppression sessions
with the ﬁve pedestal contrasts, with the exception of
Subject KW, who performed ﬁve staircase sessions for
each condition. KW also participated in a control exper-
iment, where the contrast of the radial checkerboard
was zero (monocular condition). Measured contrast
increment thresholds yielded threshold versus contrast
(TvC) functions during dominance and suppressionPedestal con
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Fig. 2. TvC functions (in log–log scale) of subject KW (left) and averaged ove
suppression phases, log contrast increment thresholds linearly increased as a
diﬀer signiﬁcantly between dominance and suppression.phases. Observers were given extensive practice on the
task before formal data were collected. Because trials
were initiated contingent on phenomenal state (domi-
nance or suppression), inter-trial intervals were variable,
and a given staircase typically required at least 20 min to
complete. For this reason observers were encouraged to
rest whenever desired.3. Results
Results for all subjects were qualitatively similar.
Fig. 2 shows TvC functions of subject KW (left panel)
and TvC functions averaged over all subjects (right
panel). In dominance phases (i.e., when the pedestal
grating was visible), contrast increment thresholds line-
arly increased as a function of the pedestal contrast,
consistent with earlier results measured under compara-
ble, albeit nonrivalry conditions (e.g., Legge, 1981). As
expected, we did not observe the ‘‘dipper’’ portion of
the curve, which is associated with near-threshold levels
of contrast that we did not include in our range of sam-
pled values. The slopes of the TvC curves measured un-
der our conditions fell in the range 0.45–0.65, values
consistent with earlier work showing slope values con-
sistently smaller than unity and, hence, in violation of
Weber Law behavior (Legge, 1981; Nachmias & Sans-
bury, 1974; Tolhurst & Barﬁeld, 1978). During suppres-
sion phases, measured thresholds were reliably higher
(by 0.3–0.4 log unit). However, the rising slopes of the
TvC functions did not diﬀer signiﬁcantly between dom-
inance and suppression, resulting in constant upward
shifts of the TvC function during suppression.trast (log %)
1.0 1.2 1.4 1.6
0.6
0.8
1.0
1.2
Averaged (N=5)
slope
.445
.442
intercept
.443
.138
suppressed
dominant
r all subjects (right), with bars indicating 1 S.E. Both in dominance and
function of log pedestal contrast. The slopes of TvC functions did not
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(regression analysis, t > 3.77, p < 0.001). Analysis of
covariance conﬁrmed the parallelism of the two TvC
functions (subject KW, F = 1.79, p = 0.19; averaged
across subjects, F = 0.001, p = 0.99). A control experi-
ment in subject KW revealed that the TvC function
measured during the dominance phase was essentially
identical to that measured during non-rivalry monocular
viewing of the pedestal grating.
It is worth noting that large contrast increments (i.e.,
those occurring early in the staircase procedure) often
triggered a reversal of perceptual state, bringing the pre-
viously suppressed grating into dominance. However,
smaller increments typically did not break suppression
but instead appeared as faint horizontal lines seen
against the upper or the lower portion of the radial grat-
ing (see the right-hand column labeled ‘‘suppression’’ in
Fig. 1).4. Discussion
The current study demonstrates that while the lumi-
nance increment threshold is reliably higher during sup-
pression (Blake & Camisa, 1979), the slope of the TvC
function is similar for both dominance and suppression
(in a range about 0.45–0.65). In other words, the
amount of transient contrast increment required for
the task increases as a function of the pedestal contrast
in a manner consistent with the operation of contrast
gain control under both dominance and suppression.
Evidently, then, this contrast gain control for transient
luminance increment does not require perceptual visibil-
ity of the pedestal contrast. This characteristic is remi-
niscent of other work implying that contrast gain
control as revealed by pattern adaptation can operate
in the absence of visual awareness of the adapting pat-
tern (Blake & Fox, 1974b; He & MacLeod, 2001; He,
Cavanagh, & Intriligator, 1996).
From the outset of this discussion, we acknowledge
that our measurements and the attendant conclusions
may pertain only to conditions involving transient incre-
ments superimposed on a sustained pedestal. One could
speculate that pattern adaptation accompanying contin-
uous presentation of the pedestal alters gain control
(Kulikowski & Gorea, 1978), although Legge (1981)
looked for but did not ﬁnd such an eﬀect under nonri-
valry conditions. Moreover, one could surmise that at
least part of the masking eﬀect measured during sup-
pression was attributable to the presence of the radial
grating in the dominant eye. This possibility—interocu-
lar masking—is not out of the question, since the radial
grating surely includes Fourier energy overlapping that
of the probe grating. Still, it is noteworthy that incre-
ment thresholds measured during dominance were
equivalent to those measured under non-rivalry, mono-cular viewing. This implies that the radial grating, when
suppressed, has no eﬀect on detection of increments pre-
sented to the other eye. Yet we also know that a pedestal
grating presented to the same eye is eﬀective even when
suppressed. Parsimony, therefore, leads us to conclude
that the radial gratings interocular contribution to
probe detection is minimal at best. Finally, one could ar-
gue that our stimulus conditions—a transient contrast
increment presented against a sustained pedestal—eﬀec-
tively limit our conclusions about contrast gain control
to interactions between parvocellular (sustained) and
magnocellular (transient) mechanisms (e.g., see Kont-
sevich & Tyler, 1999). Still, we can derive reasonable
conclusions about the nature of suppressions eﬀect on
the nonlinearity implied by the TvC curves shape, and
that is the purpose of the following paragraphs.
4.1. The nature of binocular suppression for luminance
increment
The staircase procedure used in our study converges
onto a single point on the assumed psychometric func-
tion. It is natural to wonder whether the slope of the en-
tire psychometric function measured under suppression
diﬀers from the slope measured during dominance. In-
deed, one might predict such a slope diﬀerence if the
two conditions were inherently diﬀerent in terms of
intrinsic noise. It is problematic to derive slope measures
of underlying psychometric functions from our data
since the number of trials varies considerably at the dif-
ferent increment values encountered during the stair-
case. We can note, however, that the variance estimate
for suppression is no diﬀerent than the variance for
dominance, which implies that the underlying slope val-
ues are comparable (see Fig. 2). Moreover, psychometric
functions for dominance and suppression are known to
be essentially the same when measured using a proce-
dure not too diﬀerent from the one used here (Sanders,
1980). Therefore, we are inclined to assume that the ma-
jor diﬀerence between psychometric functions measured
during dominance and suppression are shifts along the
abscissa and not changes in slope. This observation is
indicative of a divisive reduction of signal strength,
rather than a noise infusion to the signal pulse, underlies
binocular rivalry suppression. Still, further empirical
investigations (including neurophysiological and neuroi-
maging studies) are required to elucidate the mecha-
nisms underlying the constant and non-selective nature
of binocular suppression for luminance increment.
4.2. Relation to neurophysiological and modeling studies
The identical slopes of the TvC function in the dom-
inance and suppression phases suggest that the contrast
gain control mechanism precedes the site(s) of binocular
suppression for transient luminance increments (i.e.,
3070 K. Watanabe et al. / Vision Research 44 (2004) 3065–3071y = m * log (x)). Contrast gain control has been demon-
strated at both retinal (Benardate, Kaplan, & Knight,
1992; Shapley & Victor, 1978) and cortical levels (Ohza-
wa, Sclar, & Freeman, 1985). Neuronal responses of
typical V1 neurons exhibit compression and saturation
with increasing luminance contrast (Albrecht & Hamil-
ton, 1982; Caradini, Heeger, & Movshon, 1997), which
nicely corresponds to the putative contrast gain mecha-
nism (Foley, 1994; Legge & Foley, 1980). Also, fMRI
BOLD neuronal signals for explaining contrast discrim-
ination performance are present as early as V1 (Boyn-
ton, Demb, Glover, & Heeger, 1999; Zanger-Landolt
& Heeger, 2003). Finally, in a neurophysiological study,
Truchard, Ohzawa, and Freeman (2000) demonstrated
that contrast gain controls occur primarily at the
monocular level before integration of visual information
from the two eyes. These ﬁndings converge to suggest
that the primary process of luminance contrast gain con-
trol is accomplished at the level of V1. Although multi-
ple processing levels of binocular rivalry have been
proposed (Blake & Logothetis, 2002; Lee & Blake,
1999; Nguyen et al., 2001; Wilson, 2003), the level of
binocular suppression for luminance contrast increment
seems to be as early as V1 (Polonsky, Blake, Braun, &
Heeger, 2000; Sengpiel, Blakemore, & Harrad, 1995;
Sengpiel, Baddeley, Freeman, Harrad, & Blakemore,
1998; Tong & Engel, 2001). The results of the current
study corroborate the ﬁndings of the previous studies
by demonstrating that the contrast gain control occurs
before the neural site of conscious perception of pedestal
contrast, presumably before or at the level of V1.
Placing contrast gain control prior to rivalry also
helps resolve one limitation inherent in several recent
computation models of binocular rivalry. Both Laing
and Chow (2002) and Wilson (2003) attribute alterna-
tions in rivalry dominance to cooperative/competitive
interactions among feature detectors selectively respon-
sive to the left-eye pattern and to the right-eye pattern.
At any given moment the activity in one set of detectors
eﬀectively suppresses activity in the other set of detec-
tors, creating the neural conditions for dominance and
suppression. Switches in dominance occur when neural
adaptation weakens the dominant responses to a point
where the previously suppressed detectors achieve and
then exceed parity, at which time they become more ac-
tive and, therefore, suppress the previously dominant
detectors. However, this reciprocal inhibition network
only oscillates in dominance when the inputs to the
two pools of detectors are relatively similar (e.g., when
the contrast values of the two rival gratings are compa-
rable); in the models, oscillations cease when the con-
trast values for the two rival targets diﬀer by more
than approximately 30%. In reality, however, rivalry
alternations occur even when interocular contrast diﬀer-
ences are much greater than this (Blake, 1977; Levelt,
1965). The failure of the models to predict the rangeof contrast over which rivalry transpires is easily cor-
rected by the presence of contrast gain control prior to
the site of rivalry, for this gain mechanism normalizes
eﬀective contrast. It remains to be learned whether this
normalization process operates dynamically during a gi-
ven period of dominance, as one might expect from neu-
ral circuits exhibiting bistability.Acknowledgments
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